e certification process of external loads designed for aircraft needs to satisfy various criteria where compatibility with existing systems is one of the essential requirements. Flight flutter testing is a critical part of a certification process that requires many preliminary studies. Computational flutter analysis must precede actual flutter test to determine an approximately safe flight envelope to ensure the safety of the personnel and aircraft. To be able to perform flutter analysis of an aircraft, an accurate structural model such as finite element (FE) model is required. An accurate FE model can be obtained from a coarse model using ground vibration test (GVT) which is also the primary test campaign for certification of a new external load, new aircraft design, or modification on existing aircraft. On the other hand, performing GVT for each configuration of an aircraft is both time consuming and costly. It would be more practical to determine the critical configurations for an aircraft using computational tools and perform actual GVT for those configurations. e objective of this study is to simulate GVT characteristics for downloading and fuel configurations of F-16 aircraft. A novel methodology is proposed where various loading configurations can be simulated by subtractive modification from loaded GVT data so that joint stiffnesses between stores and aircraft need not be identified. e proposed technique decreases the number of necessary physical GVT testing campaigns.
Introduction
When designing an external store or ammunition for an existing fighter aircraft, the aircraft with the new store or ammunition should satisfy certification regulations of airworthiness authorities such as Federal Aviation Regulations (FAR), European Aviation Safety Agency (EASA), Joint Aviation Regulations (JAR), and Military (MIL). Flutter performance and determination of safe flight envelope are the main concerns in these certification procedures. Flutter characteristics of an aircraft can be estimated using mathematical models and simulations which may be validated by flight testing when needed. In order to perform flutter analysis, either a validated finite element (FE) model or the modal parameters of the aircraft should be available. Flutter analysis is performed to identify the aeroelastic behavior of aircraft during various flight conditions and determine the flight speed when flutter occurs.
is analysis requires coupling of air flow and structural dynamics response of the aircraft. Ground vibration testing (GVT) is an industryaccepted experimental methodology to identify elastic modal frequencies, modal damping ratios, mode shape vectors, and modal mass data of an aircraft, which are directly or indirectly used in flutter analysis of the same aircraft. GVT-related issues such as the decision on the number of sensors for attaining optimum spatial resolution for the motion of major structural elements and prevention of spatial aliasing, mounting style of accelerometers [1, 2] , methods for exciting the structure using electrodynamic shakers [3] , and providing the free-free boundary conditions using soft suspension systems are well studied and documented in the literature.
Modal parameters obtained from GVT are directly usable for flutter analysis of small-size aircraft. For fighters or large transport aircraft, a finite element (FE) model will have to be used in the flutter analysis, which would require the model to be validated using GVT results (i.e., modal data identified from GVT). For fighter aircraft, there are numerous possible loading configurations if one considers different ammunitions, external stores, and fuel conditions. If flutter analysis is required to be performed for all of these configurations, a GVT will have to be performed for each configuration either to obtain the modal parameters to be used in the analysis or to validate the FE model to be used in the analysis. As an example, in the study by Morton, typical downloading permutations of an F-16 military fighter aircraft are calculated as 25000. rough CFD analysis, a total of 75 configurations were identified as critical for which flight tests will have to be performed [4] .
Performing large number of GVT is not practical, so a simulation-based methodology to decide on the flutter critical configurations would be quite useful when designing ammunition or external stores for fighter aircraft since this would reduce the number of actual GVT to be performed. Flutter critical downloading (underwing ammunition and external store) configurations can be mainly selected by the results of preliminary flutter analyses. GVT data can be simulated by using previous physical GVT results of different downloading configurations or a validated base FE model to perform preliminary flutter analyses for as many configurations as desired. If the results of preliminary flutter analyses seem critical, then these downloading configurations can be added to the actual test sequence when planning the physical GVT campaign. Later, the actual GVT test results can be utilized when performing the final flutter analysis for the configurations deemed critical by the preliminary analysis. When the literature is investigated, it is seen that such a methodology is not proposed or studied. On the other hand, there are studies where detailed FE models of the fighter aircraft for several downloading configurations are used to perform various flight stability-related analyses [5] [6] [7] [8] [9] .
In this article, the simulation of GVT characteristics for downloading and fuel configurations of F-16 aircraft is studied. FE method can be used for the construction and assessment of a model that can simulate GVT, without having to use a physical aircraft. Typically, a detailed FE model is only available to the designer of an aircraft, and when an entity other than the designer needs to develop external components to be used with the aircraft, a coarse FE model is required in the least. For this study, a rough FE model of F-16 aircraft was built, updated, and correlated to GVT data for planning purposes as published in a previous study by the authors [10] . e rough model is constructed using 3D solid models and technical data available in the open literature. ese solid models are mainly used for avocation purposes which are scaled down in a predetermined ratio. Structural elements and available structural models of F-16 are examined in detail from GVT perspective. An enhanced FE model of F-16 is obtained together with fuel, adapters, and external loads. e enhanced FE model is modified according to the configuration based on a reference [11] in the literature and verified with real GVT data given in the same reference. e modal data of the enhanced FE model is then used for simulations to plan a draft test matrix for the determination of the critical configurations to minimize the total number of tests in the GVT campaign. Sample downloading and fuel cases are also considered to demonstrate the change in the dynamic response of the F-16 aircraft together with the comparison of simulated modal data with physical GVT data obtained from experiments. e methodology proposed in this study is based on obtaining predicted GVT data for various downloading configurations using previous physical GVT results of different downloading configurations or a validated FE model that can reproduce GVT data for various configurations by simply subtracting ammunitions from aircraft stations from a reference physical GVT result or a reference loaded FE model. Since munitions are much stiffer than the aircraft structure, their removal from the model can be done in the form of translational and rotational mass subtraction from the relevant locations of the mass matrix of the reference model. No modifications or identifications are required on the stiffness matrix when mass elements are removed since one side of the elastic element connecting the munition to the aircraft will be simply free.
is approach is considerably easier than simulating the addition of munitions to an unloaded reference since the stiffness of the joints between aircraft, and the munitions would have to be known or identified. e same approach can be utilized for investigating the effect of fuel, starting from fully loaded configuration, and obtaining other fuel levels by simply subtracting fuel mass from reference. Overall, this methodology is a novel approach considering the relevant works in the literature where no similar methodology is used or presented. e flowchart of the methodology that is presented and demonstrated on an F-16 aircraft in this paper is given in Figure 1 in order to clarify the details of the proposed methodology. ree different modal model definitions are used in the context of this study. Firstly, GVT simulations will be performed by using a validated base modal model that is named as initial model. Initial model is the one, on which the modifications will be performed since it is validated using the GVT data of the fully loaded aircraft. Initial model could be considered either as the experimental model that consists of actual GVT data or as the FE model updated and validated with the actual GVT data. Initial model should be constructed for an already existing configuration which is as similar as possible to the configurations for which simulations and flutter analyses are required. Secondly, simulated model is the modal model that is synthesized by subtracting and adding ammunitions and fuel from and to the initial model, respectively, when defined as actual GVT data or the updated and validated FE model. e simulated model is synthesized after the selected modification from a draft test matrix (in which all possible configurations for which flutter performance is planned to be checked are included) is performed by applying the proposed approach on the initial model. e method aims at generating a satisfactorily accurate simulated model for the designers (i.e., a modal model or an FE model that can accurately produce modal data from a simulated GVT test). In this study, the level of accuracy of the simulated model is validated by comparing it with the target model which contains the real modal data obtained from actual GVT of the same configuration. Target model may also be calculated from an updated and validated FE model when the modal data obtained from actual GVT are not directly available. e work conducted on the development and demonstration of the proposed GVT simulation methodology starts with a description of how the equivalent FE model of F-16 is constructed. In Section 3, details of model updating work conducted for the constructed FE model of F-16 are given. e model is updated using the modal data obtained from GVT by using Bayesian parameter estimation method. e equivalent FE model is also validated with another configuration available in the literature [11] . In Section 4, GVT simulations for a draft test matrix are performed to show the effect of downloading on the dynamics of F-16 for different loading stations by using the proposed modification approach based on munition subtraction from the loaded configuration. Effect of fuel is analyzed in Section 5. Analysis results presented in Section 4 and Section 5 are all validated by actual GVT results (i.e., modal data) to demonstrate the validity of the proposed methodology. 
Construction of the Equivalent FE Model for F-16
Structural dynamic response characteristics of F-16 are mainly determined by its structural elements together with its mass distribution. Forward, center, and aft fuselage sections, rightand left-wing boxes, and horizontal and vertical stabilizers are classified as the main structural components of an F-16 aircraft. When attached, pylons, munitions, adapters, stores, pods, and fuel tanks are some of the external loads that change the structural dynamic response characteristics of an F-16. e wing boxes that are the combination of ribs and spars are structurally significant components of F-16. ere are ten and four different spar and rib positions in the wing box, respectively. Visual information on geometrical data and FE model for a wing can be found in [12, 13] Fuselage assembly composes of metal bulkheads, longerons, and sheet metal skins. Major bulkheads separate the sections, and they are machined components to be able to carry concentrated loads and satisfy functional requirements. Bending stability of F-16 is managed by longerons and longitudinal beams. Horizontal and vertical stabilizers can be named as the structural stabilizer group. Horizontal stabilizer has a metal frame and carbon fiber composite assemblies. Similar to the wing box, vertical stabilizer is built from ribs and spars. e external loads are also studied [14] . Denegri has given the grid point coordinates for the structural model of the wing of an F-16 [5] . Farhat et al. built a model for a missile and launching system at each wing tip based on modeling information from Lockheed Martin for F-16 Block 40 [6] . In another study, FE analysis results correctly estimate the first dry bending and torsion frequencies for measured data from GVT as 4.76 and 7.43 Hz, respectively [7] . Lockheed Martin also uses a detailed FE model and simplified structural FE model [8, 9] . First, four elastic modes of F-16 are found as symmetric wing bending mode, antisymmetric wing bending mode, symmetric wing torsion mode, and antisymmetric wing torsion mode. e equivalent FE model of F-16, which will be used in this study, is constructed using technical data and solid model information available in the open literature. e constructed FE model is presented in Figure 2 . In the model, there are 240 nodes, 452 beam elements with 119 properties, 23 multipoint constraints (MPCs), and 1 material (aluminum) property. e natural frequencies obtained using the equivalent FE model in free-free boundary conditions are given in Table 1 . e first two mode shapes are also given in Figure 3 . It is clear that the initial version of the equivalent FE model cannot produce accurate enough results; thus, it is not suitable to use in GVT simulations. e equivalent FE model will have to be updated together with the external loads.
Updating and Validation of F-16 Equivalent FE Model
F-16 aircraft has 11 hard points (stations) where the external loads can be attached. e station numbers are depicted in Figure 4 . e configuration to be used in this study for updating is given as in Table 2 .
Bayesian parameter estimation method of FEMtools ® software is used for model updating. Bayesian parameter estimation method is a sensitivity-based method where an error term defined in terms of calculated sensitivities of updating parameters to modal parameters is sought to be minimized [15] . e assumed measurement points that are used for updating is shown in Figure 5 .
Design parameters are taken as cross section of beam elements, Young's modulus, shear modulus, plate or shell thickness, beam moment of inertia, mass moment of inertia, spring stiffness, and Poisson value. Resonance frequencies, structural mass properties, and modal assurance criteria (MAC) values, a measure of how two mode shapes are spatially correlated, are used as design constraints. Minimization of the error by Bayesian parameter estimation method is the design objective. Displacements of the test model and FE model are correlated with maximum MAC threshold. e correlation of draft FE model and GVT data is given in Table 3 . Modal assurance criteria (MAC) matrix before the updating process is given in Figure 6 . e model on which updating is conducted is given in Figure 7 . Mass distribution is the other factor for the updating process. e mass distribution of aircraft is taken as given in Table 4 .
In the updating process, it is determined that the convergence criteria of the wing can be met by using shell elements as observed in similar models in the literature. e correlation data and MAC matrix after the model updating Table 5 and Figure 8 , respectively. icknesses of shell elements and elasticity modulus are checked for physical feasibility. e updating is performed for the first ten elastic modes which are assumed to be enough for flutter analysis. e mode shapes of the updated FE model and the mode shapes identified from GVT are shown in the same figures ( Figure 9 ) in order to prove that the updated FE model is dynamically accurate. e updated FE model of F-16 is verified concerning the other available results given in the literature. One of the contributions for F-16 GVT is given recently by Nöel et al. [11] . In that study, GVT is performed on a full-scale F-16 aircraft in September 2012 at the Saffraanberg military base in Belgium. F-16 was loaded with two AIM-9 munitions at wing tips and an Mk-82 store at the pylon of the left wing. Updated FE model is loaded with two AIM-9 munitions at wing tips and an Mk-82 store at the pylon of the left wing as same as the downloading configuration in [11] . e results of the verification of the updated FE model are shown in Figure 10 . Model frequency results of the verified model are given in Table 6 .
Method
In this study, GVT data of an updated model or a previous test campaign are used to predict the structural dynamic response of the F-16 aircraft. e modification is performed by using GVT data and physical properties of the new design. e frequency range of interest is assumed from the necessities of flutter requirements. External load modifications on F-16 are considered as mass modifications. e formulation for mass modification can be given as follows:
where [M] is the mass matrix, [K] is the stiffness matrix, and the x { } is the degrees of freedom vector. For
where ω is the frequency. 
Multiply both sides with
e external loads are mounted to F-16 via adapters. ey are connected to the adapters from a pair of assembly points or rails. e contact points on the adapters are tiny, and hence, external loads behave as connected rigid bodies with mass and rotary inertia in the frequency range of interest. In the calculations, only subtractive modificationof munition is applied as mass modification since the downloading (removal of external load) is frequently more critical for flutter than its takeoff loadingas well as being more practical in the GVT campaign [16] . Most importantly, it is also expected that stiffness values of the adapters will be the most critical issue in determining the response of the added munitions. e data will have to include the joint stiffness effect of such adapters which is challenging to model if the addition of munitions to unloaded GVT-based model is considered. Subtractive modification of external stores from a loaded model based on GVT will void the effect of joint stiffness which will not require the estimation of adapter stiffness, and this way, the results will be more accurate. e mass removal from the real test data with loaded configuration can be directly performed from the measurement points of the initial model. In the GVT process, the amount of mass of modification elements is relatively high when Shock and Vibration compared to the mass of the wing. Additionally, the lengths of the stores are usually long when compared to the span of the wing and the length of the adapters. Moreover, rotary inertia of the munitions is so large that their effects must be included. In reality, mass, center of gravity (CG), and inertia terms of a new external store are available as early as the design phase which can be calculated based on the solid model so that they will be available during the planning of the test campaign.
In this approach, an additional measurement point at the CG location is synthesized by using the measurement points for the removal of an external store. e same nodes at CG of the removed external store can also be used to add the new external store and to use the design data of the new external store on the current real GVT test data by adding mass and inertia terms. In that case, the flexibility between the aircraft and the adapters can also be considered and the size of the matrix does not change.
In the determination of this synthetic point, translational measurements of measurement points on the removed load are used since the data from GVT will be available only in these degrees of freedom (DoFs). Additional four DoFs which are two translations and two rotations at CG position are added to the model instead of the two removed measurement points with two DoFs each. For example, by using the translational values in the Z direction for measurement point 1 and point 2, location of CG position from the measurement point 1 and the length that is the value between the measurement points, the translation in the Z direction at CG location can be calculated by
where Tz CG stands for the translational value at CG position on Z direction, Tz 2 is for the translational value at measurement point 2 on Z direction, Tz 1 is for the translational value at measurement point 1 on Z direction, and x CG is the x coordinate value of CG location. Similarly, for Y direction,
Moreover, by using the right-hand rule, the rotation at CG will be
Similarly, for Y direction,
e nodes that are created at CG are used for the subtractive modification of mass effect. Not only the mass properties but also the inertia effects are removed in this manner. e eigenvectors that belong to the measurement points of the modification are removed from the eigenvector matrix, and synthetic CG node values are added to the same matrix. e matrix dimension does not change in this 
Simulations of Downloading Configurations
Loading configurations for subtractive mass modification simulations are given in Table 7 . ese configurations will be used to show the efficiency of this approach in the following sections. e parameters of stores for these configurations are provided in Table 8 . It is imperative to understand three different model definitions given in the Introduction section.
Stations 1-9 (Configuration 1 vs. Configuration 3).
In the case, AIM-120 is removed from station 1. e natural frequencies for the initial/target models together with % relative error and MAC matrix are given in Table 9 and Figure 11 , respectively. e simulation is performed for the modification, and the results for natural frequencies are shown in Table 10 . e location-based error is also investigated only for this configuration. e error data are calculated for all DoFs as normalized to the maximum response DoF. e information can be used for tuning of the localized errors in simulation. e details of location-based error for different types of simulations might be studied later. e results are given through Figures 12-15 together with mode shapes. MAC for simulated/target models is also given in Figure 16 .
Stations 2-8 (Configuration 2 vs. Configuration 4).
In this simulation, AIM-120 is replaced with AIM-9 in station 8. As in the first case, the natural frequencies for the initial/target models together with % relative error and MAC matrix are given in Table 11 and Figure 17 , respectively.
Simulation results for natural frequencies are presented in Table 12 .
MAC for simulated/target models is given in Figure 18 . First and second mode shapes of F-16 are also shown in Figures 19 and 20 .
Stations 3-7 (Configuration 1 vs. Configuration 5).
In the simulation, GBU31 munition is removed from station 3 as another type of modification. Similar to the previous presentation formation, the natural frequencies for the initial/ target models together with % relative error and MAC matrix are given in Table 13 and Figure 21 , respectively.
Results for simulation of natural frequencies are given in Table 14 . First and second mode shapes of F-16 are shown in Figures 22 and 23 together with mode shapes. MAC for simulated/target models is also given in Figure 24 .
Effect of Fuel
e effect of fuel is demonstrated for the fuel in the fuselage and underwing tanks. Mass addition strategy is performed for analysis in contrast to the store loading cases since filling the F-16 fuel tanks in the GVT campaign is simpler than draining in practice. In the real case, the aircraft consumes fuel throughout the flight. e black fuel tanks seen in Figure 25 are taken as full, and although the gray tanks are not full, they contain fuel. e white sections do not contain any fuel. Fuel is added to the current nodes as lumped mass for modification.
Configuration 3 Low/Medium Fuel Level.
In this case, F-16 contains fuel in the fuselage tanks. In the low configuration, approximately 500 lb of fuel is present in each of the right and left reservoirs, approximately 1300 lb in F-1, F-2, and A-1 tanks and approximately 100 lb in both internal wing tanks as shown in Figure 25 . In the medium configuration, there is approximately 500 lb of fuel in each of the right and left reservoirs, approximately 3600 lb in F-1, F-2, and A-1 tanks and approximately 100 lb in both internal wing tanks. e natural frequencies with % relative error are shown in Table 15 .
MAC matrix for initial-target and simulated-target models is shown in Figures 26 and 27 , respectively. Table 16 shows the calculated values by the simulations. Mode shapes are also given for fuel modification cases in Figures 28 and 29 .
Configuration 1 Low/Medium Fuel Level.
In this case, F-16 contains fuel in both the fuselage and underwing external fuel tanks. e location of fuel in the underwing external fuel tanks affects the flutter characteristics of F-16 [17] . e flutter speed increases when the fuel is initially consumed from the middle section. Although the low fuel case is similar to the case in the previous section, 1350 lb of fuel is present in the front and aft sections of the fuel tank. e selection of location is performed by taking the flutter testing requirements into account as given in Figure 30 . e natural frequencies with % relative error are shown in Table 17 for the simulation. MAC matrix for initial-target Figures 31 and 32 , respectively. Table 18 shows the calculated values of the simulations. Mode shapes are also given for fuel modification case in Figures 33 and 34. 
Results and Discussion
e simulations are performed for different loading stations and fuel conditions of F-16. Effect of AIM-120 AMRAAM munition is examined for loading station 1. 10-11 modes are simulated correctly with less than 3% error of prediction in natural frequencies. e location-based error is also studied for this configuration. e error data are calculated for all DoFs as normalized to the maximum response DoF and calculated as 3%. e data can be used to tune the model in detail. In station 2, AIM-120 AMRAAM is replaced with AIM-9 Sidewinder to show the effect of the modification. Initially, the models are well correlated up to six modes and better than that, the simulations predicted the modified AA1  AA1  LAU-129  AA1  AA1  2  AA2  AA1  AA2  AA1  AA2  3  GBU31  GBU31  GBU31  GBU31  16S1700  4  Tank-1  Tank-1  Tank-1  Tank-1  Tank-1  5L P-1 P-1 P-1 P-1 P-1 5
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Tank-1 Tank-1  Tank-1  Tank-1  Tank-1  7  GBU31  GBU31  GBU31  GBU31  GBU31  8  AA2  AA1  AA2  AA2  AA2  9 AA1 AA1 AA1 AA1 AA1 Shock and Vibration 11 response up to ten modes. All the error values are below 2% for the natural frequencies. GBU31 is directly removed from station 3 as the main change in mass distribution. Four 
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Shock and Vibration modes are correlated to the target, and the results are elaborated to be used for GVT planning and even in preliminary flutter analyses.
Addition of fuel strategy is used for the calculations in this study. e fuel is added to the current nodes as point masses. It is shown that the effect of the change in fuel level on the fuselage fuel tanks can be precisely predicted by this approach. e number of modes that can be predicted by the simulation is found as seventeen in the study. Fuel in underwing fuel tanks may have more effect on the structural dynamics, but only six modes have been simulated in this paper. e error for natural frequencies is 1% at most, so the results can be used for input data in a following flutter analysis.
In the view of such information, test configurations for GVT planning can be determined in two ways. In terms of GVT, test configurations can be selected depending on the loading station and level of accuracy of the simulated model. If the results of simulated models can be verified in the frequency range of interest by previous GVT results, then that high-fidelity models can be used to generate predicted GVT data to be used in preliminary analyses. For example, the effect of fuel in fuselage tanks is shown to have no effect on the structural dynamics of F-16. e dynamics of the aircraft can be fully simulated for that change by this approach. e approach is applied to real GVT result data which show that minimization of the total number of test configurations and testing time is possible approximately to 80%.
Test configurations can be mainly selected by the results of preliminary flutter analyses. Predicted GVT data or Comparably, some of the results of preliminary flutter analyses are so confident that the configuration can be regarded as not critical.
Conclusions
FE model of an aircraft is crucial for the planning of a GVT campaign when the flutter characteristics are in consideration. Such a detailed model may not be available for the parties who undertake the task of designing external stores or munitions to be used with the aircraft. Coordinators of such projects need to ensure the safe operation of the air platform together with the new external stores within an acceptable flight envelope when the actual FE model is not available even for the planning of GVT which is vital in the early stages of these types of projects.
In this paper, simulation of GVT characteristics for downloading and fuel configurations of F-16 aircraft is studied. FE model is built from the solid model and the technical data of aircraft which are used for the determination of geometrical, mechanical, and structural properties. e simulations are conducted for loading and fuel configurations to determine the necessary GVT configurations and minimize the total number of tests in the GVT campaign. It is shown that GVT repetition is not necessary when the subtractive modification level is small for rigid and rigidly mounted external stores. Similarly, the effect of fuel in fuselage tanks is shown to have no effect on the structural dynamics of F-16 as expected. e dynamics of the aircraft can be fully simulated for that change by this approach. e MAC can be used as an auxiliary tool to determine the effect of the level of the subtractive modification. e response of the aircraft obtained through this analysis can be used for preliminary flutter analyses. In case of flexible stores, compliantly mounted stores, or stores near wing tips, the GVT should be performed, especially if the coupling stiffnesses are not known. Due to this reason, the GVT should be performed with maximal mass of the flexible or compliantly mounted stores. e mass decrease of the stores can be considered numerically by using this method and in the flutter analysis.
As a result of this study, modeling, updating, and verification of F-16 FE model are performed to be used in preliminary analysis and planning purposes. Prediction of GVT results for different loading and fuel configurations is made. In this aspect, the number of necessary GVT configurations for the external loads can be minimized or eliminated in the design stage up to 80%. e success of the approach is shown for GBU31 configurations as 66.6% for loading and as 100% for fuel configurations if the critical frequency is determined around 8 Hz for first six modes from preliminary flutter analyses. e employed technique can be expanded for different aircraft and loads by using the same approach.
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